Hypersonic airbreathing engine (scramjet) powered vehicles are being considered to replace conventional rocket-powered launch systems. Effective utilization ofscramjet engines requires careful integration with the air vehicle. This integration synergistically combines aerodynamic forces with propulsive cycle functions of the engine. Due to the highly integrated nature of the hypersonic vehicle design problem, the large flight envelope, and the large number of design variables, the use of a statistical design approach in design is effective. Modern Design-of-Experiments (MDOE) has been used throughout the Hyper-X program, for both systems analysis and experimental testing. Application of MDOE fall into tbur categories: experimental testing, studies of unit phenomena, refining engine design, and full vehicle system optimization. The MDOE process also provides analytical models, which are also used to document lessons learned, supplement low-level design tools, and accelerate future studies. This paper will discuss the design considerations for scramjet-powered vehicles, specifics of MDOE utilized for Hyper-X, and present highlights from the use of these MDOE methods within the Hyper-X Program.
INTRODUCTION
Airbreathing launch vehicle research started in the USA in the early 1960's t_i.The goal, then and now, is to reduce the cost and increase the safety of space access. Current rocket propelled launch vehicles are heavy due to the oxidizer load, and improvement in rocket specific impulse is difficult after years of refinement and optimization. Airbreathing engines capable of operation at or near orbital velocity are proposed to replace rockets t21. These engines are based on the supersonic combustion ramjet, or scramjet, engine cycle (figure I). In theory, the scramjet can operate from supersonic to near orbital velocity. The scramjet uses a classical Brayton Cycle TMto producc power, like both the internal combustion and turbine engines. Air is compressed; fuel injected, mixed and burned to increase the temperature and pressure of the air; then these combustion products are expanded. For the internal combustion engine, the momentum of the piston provides compression; and the piston, pushed by the high-pressure combustion gas, extracts work. In principle the scram jet works the same. The forward motion of the vehicle compresses the air. Fuel is then injected and burned. Finally, the high-pressure combustion products expand over the nozzle and vehicle aftbody, elevating the surface pressure and pushing the vehicle (rather than the piston). Thrust is the result of increased kinetic energy between the initial (0) and final (6) states of the working fluid.
Specific impulse of airbreathing ramjet, scramjet and turbine engines, compared to the rocket is illustrated in Figure 2 . Specific impulse is the thrust produced per pound of propellant utilized per second. For the rocket, propellant includes fuel and oxidizer: for the air breather, only fuel. Note the significant improvement in performance of the air breather vis-h-vis a rocket. For example, the scramjet is 7 times more efficient than the rocket at Mach 7. The dual-mode scramjet operates over the ramjet and scramjet speed range, from about Mach 3 to at least Mach 15. The scramjet is the heart of the hypersonic space access vehicle propulsion system. An airbreathing launch vehicle will require additional propulsion modes, both for high and low-speed operation. Rockets are used at high speed, for orbital insertion, at Mach> 15.
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Several options have been studied fortakeoff to Mach 3,including turbine, rocket, air-augmented Early system studies showed that the scramjet must be utilized to high (Mach 14-16) speed 161 to achieve the airbrcathing engine advantage over a rocket. One important and interesting feature in scramjet engine performance is the decreasing specific impulse at higher flight Mach numbers. This is caused by the increasing total enthalpy or kinetic energy of the working fluid; i.e., the air, which is characterized by the "rule of 69 ''tSj. The ratio of stoichiometric heat release-to-kinetic energy of the airstream is 69 divided by Mach squared. Thus. at Mach 6, the value is 2, but at Mach 16 it decreases to !/4. And as a result, thrust becomes a small 10-15% difference between large inlet drag and nozzle thrust, and acceleration becomes the small difference between this thrust and the vehicle drag. Thus achieving the significant benefits of the airbreathing launch system requires effective system development.
Vehicle studies 17s _] in the 60"s determined that a hypersonic, airbreathing engine would be too large to mount under a wing. In fact, the engines must be integrated with the vehicle fuselage to capture the large quantities of air required for the engines to accelerate the vehicle. System studies have continued to screen and refine numerous vehicle and engine designs. These systems studies addressed both single stage to orbit NASP considered a broad spectrum of configurations Ijj] ranging from wing-body to lifting body to conical to inward-turning "'funnel" arrangements (see figure 3 ). The preferred lifting body configuration (figure 4) for the space access mission provides the best balance between engine and vehicle size for an 
Configuration
This paper focuses on design approaches for the scramjet-powered system. While the low-speed engine system is an added complication to the design process, it is not discussed herein.
HYPERSONIC VEHICLE LINES AND DESIGN GUIDELINES
The three-dimensional Additional details of the scramjet combustor are shown in figure 6 . The combustor is composed of an inlet isolator, high speed fuel injector at the combustor entrance, a constant area or slightly Systems analysis methods forairbreathing vehicles have evolved dramatically over thepast 20years. These methods canbeexecuted at several levels iiol, as noted in Table 1 . The efforts discussed herein are performed using level 2 methods: both certified analytical (SRGULL, APAS, etc.) I_u and CFD based methods. Non-linearity and strong two-parameter interactions are expected for both the scramjet and hypersonic vehicle. At least three levels for each of the design parameters are required in order to capture nonlinear effects. Therefore, a second-order model as shown in equation (1) is essential: xi terms are the design parameters that affect the response variable y, and b's are regression coefficients. The number of analyses or experiments for the CCD method compared to those for a full factorial design is illustrated in Table 2 . The benefit of the CCD approach is apparent for any design with 5 or more independent variables.
(I)
The face-centered CCD technique t_1 was selected because it automatically allows the inclusion of all two-parameter interactions. It also requires 3 levels rather than 5 normally required. This is especially important for a problem with a large number of design parameters, and when the relative significance of the interactions is not known a priori.
The strategy of the CCD method is to statistically select experiment design points (configurations) to acquire a reasonable distribution of data points throughout the design space so that the response can be meaningfully characterized.
This design point selection process yields a mathematically well-defined matrix for multiple regression analysis using the least squares method, The JMP t_81 or Design- Analysis of the responses is accomplished using a multiple regression analysis. A predictive model, which is the relationship between the responses and two or more independent variables, is developed using the method of least squares. This process is performed using the jMp! _l or Design-Expert t_91software, which calculates the coefficients of the regression equation for a second order model. These statistical packages are also utilized to generate Pareto plots t20i which illustrate the relative influence of the independent variables on the response. In addition, a coefficient of determination is generated by the JMP code,
showing how well the regression equation matches the response database.
Finally, the response regression equation can be used to search for an optimum set of independent variables. This is accomplished using various methods: Excel t2_toptimizer; the POST E2-'t regression equations; or an in house optimization code. The in house optimization code was designed to cover the entire parameter database, so as not to be limited to local optimums seen in some Excel solutions.
MDOE APPLICATIONS FOR HYPER-X
The Hyper-X program used MDOE continuously from its inception in 1995. MDOE use falls into four categories:
• Model Development 
wherex,= 60 * Gap* 0.179 e_7"*°_ fore < 1 (2-a)
x,= 60 * Gap * 0.333 e"12_**_ for ¢ > 1 (2-b)
The Langley Mixing Recipe requires 60 gaps for 100% mixing for stoichiometric operation. For non-stoichiometric operation mixing is much faster.
Flush wall injector design was recently investigated using MDOE methods. Independent parameters selected for this study, illustrated in figure 8 , are:
•0
• Pl0 This MDOE study used combustor thrust potential (Tp) TMto identify the flush wall injector design that produced maximum thrust. Thrust potential is cowl to tail engine thrust: 
The corresponding fuel mixing efficiency for the flush wall injector design (figure 9), which produced maximum thrust, is shown in figure 10 .
Mixing efficiency is about 80% at 16 gaps, the length identified to provide the best thrust. A combustor length of about 35 Gaps is required to achieve 95% mixing. However, a combustor designed to achieve 95% mixing or combustion efficiency would have significantly less thrust.
This study illustrates the necessity to design each component considering the entire system, not just component efficiency. Regression models developed in this process add to the design database for future trade studies. 
